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The effects of cadmium (Cd) on smooth muscle myosin phosphorylation have been investigated using an in vitro system comprising myosin fila- 
ments containing endogenous calmodulin (CM) and myosin light chain kinase (MLCKase), In the absence of calcium (Ca), Cd as well as some 
other divalent cations caused no activation ofphosphorylation. However, when at least one (or possibly two) Ca 2 + were bound per CM, the addition 
of 10/~M to 40/ tM Cd 2+ resulted in a 2 to 3 fold acceleration of the phosphorylation rate. Higher Cd concentrations caused inhibition of the 
system independent of Ca 2 + concentration through the formation of Cd-ATP complexes. These results explain some previously controversial data 
on the complex effects of Cd in intact smooth muscles. 
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1. INTRODUCTION 
For over a century it has been known that Cd intox- 
ication is implicated in several diseases. More recently, 
it has been suggested that chronic subtoxic exposure to 
cadmium plays a role in some cardiovascular dysfunc- 
tions [1]. The mechanism of Cd action on smooth 
muscles is as yet poorly understood. Since smooth 
muscles exhibit a high degree of sensitivity to agents 
which inhibit Ca influx [2,3] and cadmium is a Ca 
channel blocker in cardiac cells [4], it may be expected 
that Cd influences mooth muscle activity via a similar 
route. However, current data indicate that the in vitro 
effects of Cd on smooth muscle tissues are highly 
concentration-dependent. High concentrations of Cd 
cause a dose-dependent inhibition of agonist induced 
contractions [5-7]. In contrast, Cd at low concentra- 
tion can enhance the reaction of vascular smooth mus- 
cle to different agonists [8,9]. Such observations 
suggest hat the effect of Cd ions on smooth muscle 
contractions is complex and may involve Ca channel 
blockage [10] as well as other processes. 
The similarity of Cd and Ca ions suggests that cad- 
mium can interact with CaZ+-binding sites and in this 
way disturb the processes which, physiologically, are 
regulated by calcium. One potential target for cad- 
mium, found in all eukaryotic ells is the metal binding 
protein, calmodulin (CM), which contains four 
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Ca2+-binding domains. Cadmium can occupy these 
four CaZ+-binding sites causing similar CM conforma- 
tional changes to those induced by Ca 2+ [I1]. In 
smooth muscles, Ca~+-CM (and possibly CaZ+-CM) 
complexes activate MLCKase [12]. It is still controver- 
sial whether eplacement of Ca 2+ by  Cd  2+ in these com- 
plexes produces imilar active states. 
We therefore found it necessary to reexamine the ac- 
tivation of MLCKase by Cd and other divalent cations. 
The results obtained, using a filamentous myosin 
system that may be taken to closely resemble the in vivo 
situation, appear to explain some of the controversial 
observations described previously. 
2. MATERIALS AND METHODS 
Myosin phosphorylation assays were carried out in a buffer con- 
taining (in mM): 60 KC1, 2 MgCI2, 0.5 DTE, 20 Tris. In our ex- 
periments EGTA could not be used to buffer free Ca z+ concentration 
because of its high affinity for Cd z+ (about 104 that for Ca2+). 
Calcium was therefore removed by storing all buffers in plastic con- 
tainers over Chelex-100 (Bio-Rad, Richmond, USA) resin. The resin 
was prepared as described by the manufacturer. Before use the pH of 
the buffers were adjusted to 7.2 with HCI. 
A filamentous myosin system containing endogenous calmodulin 
(CM) and myosin light chain kinase (MLCKinase) was prepared from 
turkey gizzard as previously described [13]. It was established earlier 
[14] that the molar ratio of CMand MLCKase to myosin in such 
preparations i below 1 : 100, the CM to kinase ratio being approx- 
imately stoichiometric. 
The system (suspension of myosin filaments) was freed of Ca 2+ 
ions by the addition of EGTA at a final concentration 0.1 mM. After 
pelleting by centrifugation, the supernatant was removed and the 
pellet was resuspended in the Ca2+-free buffer described above. The 
procedure was repeated twice. 
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The influence of divalent cations on phosphorylation was in- 
vestigated in two different sets of experiments: In the first set the ca- 
tions were added to the myosin system freed of Ca. In the second set 
calcium was added to the Ca2+-free myosin system to give the re- 
quired final concentration a d the effects of the other cations were 
investigated. Phosphorylation assays were carried out as described 
previously [13]. Curves illustrating the phosphorylation dependence 
on the cation concentration were obtained from a number of separate 
incubations containing different cation concentrations. 
3. RESULTS 
Addit ion of ATP  to f i lamentous myosin that had not 
been rinsed with EGTA but only resuspended in Ca- 
free solution resulted in phosphorylation, indicating 
that Ca was still present in the system prepared in this 
way. Concentrat ions of Cd up to 4 x 10 -6 M had no 
influence on the myosin phosphorylation under these 
condit ions. In the concentration range 2 x 
10 -5 M-10  -3 M Cd caused a gradual inhibit ion of the 
phosphorylat ion. Under the same conditions Ba caused 
inhibit ion of phosphorylat ion at concentrations higher 
than 10-aM (Fig. 1). A gradual inhibit ion was also 
observed when the Ca concentration exceeded 10 -4 M 
(see Fig. 2, high Ca concentration range). 
After rinsing f i lamentous myosin with the EGTA 
containing buffer the concentration of Ca was reduced 
sufficiently to prevent measurable phosphorylation i
the Ca-free buffer. Addit ion of Ca 2+ to the system then 
restored the reaction in a concentration dependent 
manner  as expected (Fig. 2). Significantly, under 
similar conditions Ba, Cd and Co did not induce 
phosphorylat ion (Fig. 3). Sr caused phosphorylat ion 
which did not exceed 30°70 of that induced by Ca. 
The most interesting effects were seen at unsaturated 
levels of Ca 2÷. As demonstrated in Fig. 4, at 20/~M of 
Ca, increasing amounts of Cd, Co and Sr (but not Ba), 
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Fig. 1. Barium and cadmium influence on the myosin 
phosphorylation. The filamentous myosin system untreated with 
EGTA. The phosphorylation rate with no cation added was set as 
100o70. 
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Fig. 2. The concentration-phosphorylation curve for Ca on the 
filamentous myosin system washed with 0.1 mM EGTA. Maximal 
phosphorylation rate was set as 100o70. 
at concentrations 20/zM-240/zM,  caused an increase 
of phosphorylation. However, when the Ca concentra- 
t ion in the system equaled 100/~M, Cd at concentra- 
tions higher than 40/tM gradually inhibited the 
phosphorylat ion. Such inhibit ion was not observed for 
the other cations (Fig. 5). 
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Fig. 3. The influence of Ca, Ba, Co, and Sr on the myosin 
phosphorylation i the filamentous myosin system washed with 
0.1 mM EGTA. 
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Fig. 4. The effects of Ba, Cd, Co, and Sr on the myosin 
phosphorylation in the presence of 20,uM Ca. 
Fig. 6 shows the myosin phosphorylation as a func- 
tion of Cd 2÷ concentration for different concentrations 
of Ca 2÷. In the presence of Ca 2+, the response to in- 
creasing concentration of Cd z÷ was biphasic. The in- 
itial gradual increase of the phosphorylation to a 
certain maximum was followed by its inhibition. The 
elevation of Ca caused a decrease of the peak 
phosphorylation and shifted it towards the lower con- 
centrations of cadmium. 
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Fig. 5. The effects of Ba, Cd, Co, and Sr on the myosin 
phosphorylation in the presence of 100/~M Ca. 
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Fig. 6. The influence of Cd on the myosin phosphorylation in the 
presence of different concentrations of Ca. 
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Fig. 7. The effects of different concentrations of Cd on the 
concentration-phosphorylation curves for Ca. 
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A dual effect of  cadmium on the dependence of  
myosin phosphory lat ion on calcium was most clearly 
demonstrated when the Ca concentrat ion was varied 
within the whole activation range (0.5/~M-100/~M) 
(Fig. 7). In this case Cd (15-120/~M) was added prior 
to Ca administrat ion.  An  increasing Cd concentrat ion 
resulted in a gradual  owering of  maximal  phosphory la-  
t ion. Simultaneously, the presence of  Cd (except 
120/~M) enhanced phosphory lat ion caused by concen- 
trat ions of  Ca lower than 2 × 10 -5 M. Thus, as before, 
a part ia l  saturat ion of  CM by Ca z÷ was required for the 
act ivatory effect of  Cd a÷ ions. 
4. D ISCUSSION 
It has been reported that Ca 2+ binding to CM is not 
specific [15] and cations differ in their abil ity to induce 
conformat iona l  changes in CM. Chao et al. [16] in their 
study on phosphodiesterase have demonstrated that Cd 
and Sr st imulated CM-dependent  activity of  this en- 
zyme while Co and Ba were essentially ineffective. It 
has also been recently concluded that Cd induces 
similar conforrr iational changes of  CM as Ca [11]. 
In contrast o these results, our experiments on the 
CaZ+-free f i lamentous myosin system indicate that Cd 
is unable to substitute Ca in the activation of  myosin 
phosphory lat ion.  Of  the other cations tested, only Sr 
st imulated myosin phosphory lat ion without Ca. This 
discrepancy is possibly explained by greater specificity 
of  the f i lamentous myosin system that may retain a 
more native form of  the enzyme-substrate complex. 
The data presented here, however, indicate that while 
cadmium alone does not st imulate myosin 
phosphory lat ion,  it can influence the phosphory lat ion 
caused by calcium. The effect caused by Cd was depen- 
dent on both the Cd as well as the Ca concentrat ion.  
One possible explanat ion of  the observed effects of  
Cd on the myosin phosphory lat ion is that Cd can cause 
act ivat ion of  MLCKinase in such cases when at least 
one or maybe two Ca z+ ions are bound per molecule of  
CM. The Cd4z+-CM complex appears to be unable to 
activate MLCKinase.  A st imulat ion of  MLCKinase 
resulting from increased free Ca z+ caused by Cd 
displacement is less probable  since under the condit ions 
used in our experiments the concentrat ion of  CM was 
in the range of  50-200 nM. Thus, release of  Ca 2+ from 
CM upon Cd binding, could not increase the Ca z+ level 
by observed 20-40/~M. Myosin as a major  protein 
component  of  the system could also be considered to 
produce a similar Ca pool.  However we consider this to 
be unlikely, since its aff inity for Ca is considerably 
lower than that of  CM [14]. The inhibit ion of  the 
myosin phosphory lat ion by Cd at concentrat ions of  
about  10 -4 M is, at least part ial ly,  caused by format ion 
of  Cd-ATP  complexes in agreement with the 4 × 
104 M -1 apparent  binding constant of  Cd for ATP  
[171. 
A biphasic influence of  Cd on MLCKinase activity 
has been observed also by Mazzei et al. [18]. However,  
we did not observe any Cd- induced activation of  
MLCKase  in the CaZ+-free system. This difference may 
be related to the fact that 50/zM of  EGTA,  used by 
these authors,  could be insufficient o remove all con- 
taminat ing calcium. This interpretat ion is consistent 
with our observat ion of  a pronounced Cd z÷ activation 
occurr ing at low (10-20/ tM)  Ca z÷ concentrat ion.  The 
addi t ion of  Cd to the medium containing Ca-EGTA 
complexes can also cause an increase of  free Ca 2÷ as 
has been discussed by Verbost et al. [19]. 
Studies in vitro showed that in the presence of  exter- 
nal Ca (1.5 mM-2  mM),  Cd at concentrat ions higher 
than 10-6M decreased isometric contract ions of  
smooth muscles [18,20]. In CaZ+-free condit ions,  
however, 10 -SM Cd contracted strips of  human 
uterine arteries [20]. The data obtained here suggest 
that the mechanism of  these 'Ca-free contract ions'  may 
involve the influence of  Cd on the myosin phosphory la-  
t ion system. 
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